Tumor necrosis factor (TNF) can induce a variety of cellular responses at low picomolar concentrations. This is in apparent conf lict with the published dissociation constants for TNF binding to TNF receptors in the order of 100-500 pM. To elucidate the mechanisms underlying the outstanding cellular sensitivity to TNF, we determined the binding characteristics of TNF to both human TNF receptors at 37°C. Calculation of the dissociation constant (K d ) from the association and dissociation rate constants determined at 37°C revealed a remarkable high affinity for TNF binding to the 60-kDa TNF type 1 receptor (TNF-R1; K d ‫؍‬ 1.9 ؋ 10 ؊11 M) and a significantly lower affinity for the 80-kDa TNF type 2 receptor (TNF-R2; K d ‫؍‬ 4.2 ؋ 10 ؊10 M). The high affinity determined for TNF-R1 is mainly caused by the marked stability of ligand-receptor complexes in contrast to the transient interaction of soluble TNF with TNF-R2. These data can readily explain the predominant role of TNF-R1 in induction of cellular responses by soluble TNF and suggest the stability of the TNF-TNF receptor complexes as a rationale for their differential signaling capability. In accordance with this reasoning, the lower signaling capability of homotrimeric lymphotoxin, compared with TNF, correlates with a lower stability of the lymphotoxin-TNF-R1 complex at 37°C.
Tumor necrosis factor (TNF) is a pleiotropic cytokine that is a major mediator of immunological and pathophysiological reactions. As with many other cytokines, the concentration of TNF found in body fluids in pathophysiological situations is usually very low (1, 2) . Various cellular responses of cultured cells can be initiated by low picomolar or even femtomolar concentrations of TNF (3) (4) (5) (6) . Because the binding of TNF to its cell surface receptors is a prerequisite for TNF responses, high-affinity binding sites for TNF with affinity constants in the same range should be assumed.
Two distinct membrane receptors for TNF (TNF-Rs) with apparent molecular weights of 55-60 kDa (TNF-R1) and 70-80 kDa (TNF-R2) have been identified and molecularly cloned (for review, see ref. 7) . Both TNF-Rs have been objects of intense physiological and biochemical investigations. Likewise, the ligand binding properties of the TNF-Rs have been extensively studied (8) (9) (10) (11) although a detailed analysis became feasible only after the molecular cloning of the two individual receptor molecules. Equilibrium binding studies with 125 Ilabeled TNF ( 125 I-TNF) at 0°C defined high-affinity binding of TNF to both TNF-Rs with K d values of approximately 300-600 pM for TNF-R1 and 70-200 pM for TNF-R2 (12) (13) (14) (15) (16) (17) (18) .
Although most cell lines and primary tissues coexpress both receptor types, cellular responses to the soluble 17-kDa form of TNF seems to be dominated by the interaction with TNF-R1 (19) (20) (21) . On the other hand, we have shown recently in different cellular systems that TNF-R2 can be strongly stimulated by the 26-kDa transmembrane form of TNF (transmembrane TNF) rather than by the soluble form, suggesting that transmembrane TNF is the prime physiological activator of TNF-R2 (22) . Accordingly, the contribution of TNF-R2 to cellular responses induced by soluble TNF appears to be mainly of supportive or modulating nature. In a recent report the rapid kinetics of TNF-TNF-R2 association and dissociation have been taken as a basis to postulate a model termed ''ligand passing'' in which the ligand bound to TNF-R2 may be passed over to TNF-R1 to enhance TNF-R1 signaling (23) . As a consequence, the effective association rate of TNF to TNF-R1 in cells coexpressing both receptors would be significantly increased, explaining the low TNF concentrations sufficient to trigger cellular responses. However, comparable prominent cellular sensitivities for TNF could be also demonstrated with cells that only express TNF-R1 (24) leaving open the question of how such low TNF concentrations might be effective.
In the present work, we examined the binding affinities of TNF-R1 and TNF-R2 for soluble TNF at 37°C, thus resembling physiological conditions. Determination of the dissociation constant (K d ) by means of measurement of the respective association͞dissociation rates at 37°C revealed a significantly higher affinity of TNF binding to TNF-R1 when compared with binding studies at 0°C. From these data it is evident that TNF-R1, and not TNF-R2, is the high-affinity receptor for soluble TNF, giving a rationale for the predominant role of TNF-R1 in cellular responses induced by soluble TNF.
MATERIALS AND METHODS
Cells and Reagents. Recombinant human TNF (2 ϫ 10 7 units͞mg) and lymphotoxin (LT; 6 ϫ 10 7 units͞mg) were provided by Knoll (Ludwigshafen, Germany) and Bender MedSystems (Vienna, Austria). The biological activities of TNF and LT were routinely controlled by using L929 cells as described (25) . The molar concentrations used herein refer to trimeric TNF and LT, respectively. The human cell lines HeLa and U937 were obtained from the American Type Culture Collection and the murine MethA sarcoma cell line (26) was kindly provided by M. Clauss (Max-Planck-Institute, Bad Nauheim, Germany). Cells were grown in RPMI 1640 medium supplemented with 5% heat-inactivated fetal calf serum and 10 mM glutamine (all from Biochrom, Berlin). The human rhabdomyosarcoma cell line KYM-1 was supplied by M. Sekiguchi (University of Tokyo, Japan) and maintained in Click's RPMI medium (Biochrom) containing 10% fetal calf serum. The generation and specificity of Fab fragments of the TNF-R1-specific mAb H398 (19) and polyclonal rabbit anti-human TNF-R2-specific IgG (17) have been described.
Binding Experiments. TNF and LT were labeled with Na 125 of 0.5-1.5 ϫ 10 8 cpm͞g with retention of 30-60% of biologic activity for TNF and 20-50% for LT, as determined by the KYM-1 cell cytotoxicity assay (17) . For association kinetic experiments, the radiolabeled cytokines were prewarmed (37°C) in 75 l of Hanks' balanced salt solution (HBSS) containing 2% fetal calf serum and 20 mM sodium azide (binding buffer) on a mixture of dibutyl phthalate and bis(2-ethylhexyl) phthalate oil (Sigma), optimized for each different cell line. The reaction was started by the addition of 75 l of the respective prewarmed (37°C) cell suspension and stopped by centrifugation of the tubes (Sarstedt) for 20 sec in a microcentrifuge (14,000 ϫ g; Eppendorf). The time needed for the separation of the cells from the binding medium containing the free radiolabeled ligand had been determined to be 6 sec and was included in the total reaction time. After centrifugation the samples were immediately placed on dry ice and cell-bound radioactivity was determined by cutting the tips of the tubes and measuring the radioactivity in a counter (Berthold, Wildbad, Germany). Nonspecific binding was determined in parallel by measuring the binding of the radiolabeled cytokine in the presence of a 200-fold molar excess of unlabeled TNF.
For dissociation kinetic experiments, cells were preincubated in the presence or absence of competing receptorspecific Fab fragments (30 g͞ml) for 1 hr at 4°C followed by incubation with the 125 I-labeled cytokine for 1 hr at 4°C in the absence or presence of an excess of unlabeled TNF for the determination of the nonspecific binding in a total volume of 60 l of binding buffer. Subsequently, 50 l of the cell suspension was suspended in 100 l of prewarmed binding buffer (37°C) containing a 200-fold excess of unlabeled TNF on a layer of phthalate oil for several time periods. The time point at which the cells were resuspended was taken as the start of the reaction. Cell-bound radioactivity was determined by centrifugation as described above.
Kinetic Data Analysis. Net association and dissociation rates were calculated from the data after subtraction of nonspecific binding by nonlinear regression by using the program GRAPHPAD PRISM. The respective dissociation constants (K d ) were calculated from the ratio of the dissociation rate (k off ) and the association rate constants (k on ) with 
Cytotoxicity Assay. Cells were seeded in 96-well microtiter plates (Greiner, Nürtingen, Germany) at 3 ϫ 10 4 cells per well in the presence of cycloheximide (1 g͞ml) and the various reagents were added. After 18 hr, culture supernatants were discarded, and the cells were washed once with phosphatebuffered saline followed by crystal violet staining (20% methanol͞0.5% crystal violet) for 15 min. The wells were washed with water and air-dried. The dye was eluted with methanol for 15 min and optical density at 550 nm was measured with a R5000 ELISA plate reader (Dynatech).
RESULTS
Determination of the Kinetic TNF Binding Parameters at 37°C. The binding affinities of TNF for the two TNF-Rs have been extensively studied by steady-state binding experiments at 0°C. To clarify the interaction of TNF with the two TNF-Rs under more physiological conditions, we performed binding studies at 37°C. However, because equilibrium saturation isotherms at 37°C are affected by secondary events such as ligand-mediated receptor internalization and receptor turnover, the ligand-receptor affinity (expressed as dissociation constant, K d ) was calculated from the independently determined association and dissociation rates. To study the kinetics of TNF binding to each of the two receptors independently, we used HeLa cells, almost exclusively expressing TNF-R1 (19, 20) , and KYM-1 cells, which predominantly (Ͼ90%) express TNF-R2 (17) .
The off rates of 125 I-TNF from TNF-R1 and TNF-R2 were determined by displacement experiments. After HeLa and KYM-1 cells had been incubated with radiolabeled ligand for 1.5 hr at 0°C, the cells were transferred quickly to prewarmed (37°C) culture medium containing an excess of unlabeled ligand, and then the decrease of cell bound 125 I-TNF was followed. These experiments were performed within a period of less than 8 min in which ligand internalization was controlled to account for less than 15% of total ligand binding. All values are corrected for nonspecific binding. The data in Fig. 1A show that TNF rapidly dissociates from TNF-R2 with a half-life time of 1.1 min (k off value 0.631 Ϯ 0.241 min
Ϫ1
, n ϭ 4), a result consistent with a previous study (22) . In contrast, the dissociation of TNF from TNF-R1 ( Fig. 1 A) was found to be extremely slow (t1 ͞2 ϭ 33.2 min; k off value ϭ 0.021 Ϯ 0.009 min
, n ϭ 7). M for TNF-R2 and 1.9 ϫ 10 Ϫ11 M for TNF-R1. Most remarkably, at physiological temperature the affinity of TNF-R1 for TNF is about 20 times higher when compared with equilibrium binding studies performed at 0°C (see above).
To further corroborate the high affinity of TNF for TNF-R1, we performed two additional experimental approaches to determine the kinetic constants. First, we measured the net association rates of TNF to HeLa cells at 37°C as a function of different TNF concentrations ( Fig. 2A Inset) . The resulting k obs values were linear dependent of the TNF concentrations used, as expected for a bimolecular reaction (Fig. 2 A) . Within this plot, the intercept on the ordinate represents the dissociation rate constant and the slope is equal to the association rate constant (27) . The resulting mean values from three independent experiments were 0.039 Ϯ 0.012 min for the association rate constant and are thus in good agreement with the values obtained in the experiments described above (Fig.  1) .
Second, we followed the dissociation process of TNF after a short-term incubation of cells with the iodinated ligand at 37°C. These experiments were performed to exclude more stringently that the observed slow dissociation kinetics of TNF from TNF-R1 were caused by artefacts as a consequence of the preincubation of the cells with the radiolabeled ligand on ice or the subsequent temperature shift to 37°C. Accordingly, dissociation of 125 I-TNF was induced by the addition of an excess of unlabeled TNF after 2, 5, and 7 min of an association time course (Fig. 2B) . The data in this experimental set-up confirm the slow dissociation of TNF from TNF-R1.
Thus, these data show that TNF-R1, and not TNF-R2, is the high-affinity receptor for soluble TNF. In addition, these M for TNF-R2 and 3-6 ϫ 10 Ϫ10 M for TNF-R1 determined by equilibrium saturation binding studies at 0°C (12) (13) (14) (15) (16) (17) (18) . Interestingly, the dissociation rate of TNF from TNF-R1 is also very slow at 0°C, which as a consequence requires incubation times of about 40 h to reach equilibrium binding at 0°C. Accordingly, most published K d values obtained from equilibrium binding studies performed on ice might represent underestimates. In conclusion, the main reason for the different affinity values of TNF-R1 for TNF measured at 0°C and at 37°C lies in the different TNF association rates to TNF-R1 (84-fold). More important, the difference between TNF binding to TNF-R1 and TNF-R2 at 37°C is mainly caused by the distinct dissociation kinetics.
TNF Binding Parameters on TNF-R1͞TNF-R2-Coexpressing Cells. Because most cells coexpress both TNF-Rs, we were interested to know whether some type of receptor interference can be detected that affects the ligand-binding properties described above. Cells of the histiocytic line U937 have been widely studied for TNF-TNF-R interaction, coexpress TNF-R2 and TNF-R1 at a ratio of approximately 2:1 and have been demonstrated to be exclusively sensitive for TNFmediated effects via TNF-R1 but not TNF-R2 (19, 28, 29) . First, we analyzed the TNF binding kinetics of TNF-R1 and TNF-R2 separately by preincubating U937 cells with receptorspecific Fab fragments followed by the measurement of the dissociation and association rates of 125 I-TNF at 37°C. The obtained dissociation rates (Fig. 3A) and association rates (Fig.  3C) for TNF-R1 and TNF-R2 on U937 cells were found to be similar to those determined on HeLa and KYM-1 cells, respectively, indicating that the binding properties of TNF-R1 and TNF-R2 are not cell-specific.
Next we analyzed the TNF association and dissociation time course on U937 cells without having blocked either of the TNF-Rs. The dissociation profile was found to be biphasic as best-fit nonlinear regression of the data points yielded optimal results for a two-phase exponential decay with the indicated values for k off(1) and k off (2) (Fig. 3B) . Accordingly, two independent binding sites could be observed that most probably represent TNF-R1 and TNF-R2, as concluded from two findings. (i) Both derived k off values correspond closely to the dissociation rate constants when the receptors were analyzed individually (Fig. 3A) . (ii) The calculated spans from the nonlinear regression fitting of the two overlapping dissociation profiles [11,370 cpm for span(1) and 5,284 cpm for span (2) ] correspond to the amount of 125 I-TNF binding to the two individual receptor populations. This could be shown by a competition binding assay performed in parallel at 0°C with the receptor-specific antibodies that competed for 10,510 cpm Fig. 1 by using various 125 I-TNF concentrations (100, 200, 400, 800, and 1,600 pM) (Inset). The obtained net association rate values were plotted against the 125 I-TNF concentration initially present in the assay to determine the dissociation rate constant (ordinate intercept) and the association rate constant (slope). Shown is a representative experiment (n ϭ 3). (B) HeLa cells were incubated at 37°C with 250 pM 125 I-TNF to obtain the association kinetics shown (s). After 2, 5, and 7 min of incubation (arrows), aliquots were supplemented with a 200-fold excess of unlabeled TNF in prewarmed binding buffer, and cell-bound radioactivity was followed for an additional 7 min (E). The dotted curves passing through the data represent the calculated dissociation kinetics based on the dissociation rate constants obtained from the experiments shown in Fig. 1 . I-TNF binding. Thus, these kinetic data with U937 cells argue for independent dissociation processes for the two TNF-Rs at 37°C as indicated by studies performed at 0°C (23) .
The data of association binding experiments of TNF to U937 cells at 37°C, with both receptors available, did not show a clear two-phases exponential ligand association. This is due to the fact that the individual TNF net association rates of TNF-R1 and TNF-R2 at 37°C are similar (Figs. 1B and 3C ). However, a calculated two-phase association curve using the respective net association rates of TNF-R1 and TNF-R2 taken from the data shown in Fig. 3C fits closely to the experimentally measured data points on U937 cells (Fig. 3D) , thus, arguing for independent association kinetics of TNF to the individual TNF-Rs at 37°C.
The Bioactivity of LT Correlates with the Dissociation Rate from TNF-R1. LT, formerly also known as TNF-␤, has been shown to bind to both TNF-Rs but exerts a significantly lower biological potency in many TNF-R1-dependent cellular responses of human cells (for example, see refs. 24, [30] [31] [32] . One example is shown in Fig. 4A , demonstrating an approximately 10-fold lower bioactivity of LT in the induction of cytotoxicity in HeLa cells when compared with TNF. These findings have been so far inconsistent with the similar dissociation constants, derived from equilibrium binding studies at 0°C, for TNF and LT binding to human TNF-R1 (18, 33, 34) . With regard to the present investigations, however, it was tempting to speculate about different binding characteristics of LT to TNF-R1 at physiological temperature. In fact, dissociation binding kinetics with the human HeLa cells revealed an about 8-fold faster dissociation of LT from human TNF-R1 (k off(LT) ϭ 0.157 Ϯ 0.029 min Ϫ1 ; n ϭ 6) in comparison to TNF (Figs. 1 A and 4C) . The difference between LT and TNF in the association rates to human TNF-R1 was less pronounced with net association rates of 0.22 Ϯ 0.01 min Ϫ1 (n ϭ 3) for LT and 0.39 Ϯ 0.02 min Ϫ1 (n ϭ 3) for TNF when 350 pM of the respective radiolabeled ligand was used. These data suggest that the difference in bioactivities of TNF and LT for human cells resides primarily in the different off rates from TNF-R1.
A prediction from the above reasoning would be that in cellular systems where TNF and LT reveal similar bioactivities both cytokines should display similar kinetic binding parameters at 37°C. Accordingly, we analyzed murine cells for which it has been demonstrated that human LT and human TNF bind only to the murine TNF-R1 and not to the murine TNF-R2 and, more important, reveal comparable bioactivities (3, 31, 34) . In fact, in the murine cell lines MethA (Fig. 4) and L929 (data not shown), human LT and human TNF were equally potent in the induction of cytotoxicity (Fig. 4B ) and revealed similar dissociation kinetics when analyzed at 37°C (Fig. 4D) .
DISCUSSION
In general, cytokines act in a concentration-dependent manner. A prerequisite for intracellular signal initiation is ligand binding to receptors that also follows a similar concentration dependency, suggestive of a causal relationship. Equilibrium binding studies have often been used to characterize the affinity of a given ligand͞receptor system. To prevent secondary reactions such as internalization or shedding of the ligandreceptor complexes, these experiments are usually performed at 0°C. However, this experimental approach reveals physiologically relevant data only if association and dissociation D) . 125 I-TNF dissociation and association kinetics of cells with TNF-R1 (s), TNF-R2 (ᮀ), or both receptors ({) present were performed at 37°C as described in Fig. 1 . The continuous curves passing through the data were calculated from best-fit parameter values by using single-exponential time-dependency curves (A and C) or two-phase-exponential time-dependency curves (B) and the resulting rate constants are given in the graph. The dotted curve passing through the data in D represents the calculated two-phase-exponential association kinetics based on the individual net association rates of TNF-R1 and TNF-R2, respectively, determined in parallel (C). Shown is a typical experiment (n ϭ 3). Cell Biology: Grell et al.
Proc. Natl. Acad. Sci. USA 95 (1998) 573 kinetics (and thus the K d value) at 0°C are similar to that at physiological temperature. For the TNF system, the dissociation constants obtained by equilibrium binding studies at 0°C are typically in the range of 300-600 pM for TNF-R1 and 70-200 pM for TNF-R2 (see above). However, these experimental values are at variance with the extraordinary sensitivity of cells for different TNF responses. For example, the cytotoxic effects of TNF or the activation of the transcription factor NF-B can be induced by low picomolar or even femtomolar concentrations of TNF (3, 4, 6, 24) . In other words, if the K d values derived from equilibrium binding studies at 0°C are taken as the basis for a calculation of the percentage of TNF-R occupied at such low TNF concentrations, this would mean that significant cellular responses to TNF can already be induced at receptor occupancies of less than 1% (3, 24, 35) .
Herein we examined the ligand-receptor binding characteristics of both TNF-Rs at physiological temperature. Different experimental approaches resulted in a consistent picture regarding the physiological ligand affinities of the two TNF-R molecules. In the experiments shown in Fig. 1 , we directly determined the association and dissociation kinetics of radiolabeled TNF for each of the receptors independently and calculated the constants k on and k off thereof. The precise mathematical determination of the dissociation rate constant for TNF-R1 by curve fitting was difficult because of the slow kinetics. Therefore, we determined the association and dissociation rates by a second approach, shown in Fig. 2 A, measuring the dependency of the association rate from the TNF concentration. Both approaches resulted in comparable values. Thus, these results provide strong evidence that at physiological temperature TNF-R1 and not TNF-R2 is the highaffinity receptor for soluble TNF.
Thus, our study readily explains why most cellular responses to soluble TNF are dominated by TNF-R1, even when considerable numbers of TNF-R2 are coexpressed. When the different affinities of the two TNF-Rs are taken into account, it is feasible that low picomolar concentrations of TNF can efficiently trigger TNF-R1 but the active participation of TNF-R2 as a signaling molecule needs notably higher ligand concentrations. For example, at a given TNF concentration of 10 pM, a fraction of 34% of TNF-R1 would be ligated in equilibrium but only 2% of TNF-R2. It is conceivable that under these conditions TNF-R1 can induce a significant cellular response but TNF-R2 is not able to do so simply because of the limited subcritical ligand interaction.
Recently, studies of the association and dissociation kinetics of TNF at 0°C were taken as the basis to develop a model in which TNF-R2, due to its fast on and off rates, delivers the TNF molecule to TNF-R1 (23, 36) . This model might explain why, at low TNF concentrations, TNF-R2-specific antibodies can act as antagonists in certain TNF responses in which only TNF-R1 is functional (23) . However, other possible explanations for that phenomenon might also exist such as, e.g., the formation of heteromeric TNF-R complexes (37) . On the other hand, the finding that TNF-R1 and TNF-R2 do not affect each other substantially regarding ligand association and dissociation at 37°C (Fig. 3) would rather argue against a dominant proportion of such complexes. In any case, the extraordinary sensitivity of TNF-R1-dependent cellular responses to TNF does not necessarily rely on the presence of ''ligand passing'' by the TNF-R2 molecule because such sensitivities are also found with cell lines that express TNF-R1 only.
An important aspect in the binding properties of the two TNFR molecules is the remarkable difference between the dissociation rates of TNF from TNF-R1 and TNF-R2 (Fig.  1 A) . This parameter, representing a true physical constant of the respective ligand-receptor system under reversible conditions, is 30-fold higher for TNF-R2 than for TNF-R1 (Figs. 1  and 2 ). Accordingly, TNF-TNF-R1 complexes have an extraordinary stability (t1 ͞2 ϭ 33.2 min), whereas the ligand rapidly dissociates from TNF-R2 (t1 ͞2 ϭ 1.1 min). These values correspond to mean survival times of individual ligandreceptor complexes of 47.9 min (TNF-R1) and 1.6 min (TNF-R2).
However, under physiological conditions with vital cells, no truly reversible ligand binding occurs due to secondary reactions, mainly internalization and͞or shedding of ligandreceptor complexes. Accordingly, the dissociation rates determined in this study might be biased by secondary reactions. In fact, it has been shown that TNF-R1 becomes primarily internalized after ligation, whereas TNF-R2 is rapidly shed (38, 39) . However, a principal difference of both receptors in ligand dissociation kinetics was suggested recently by using purified soluble receptor IgG fusion proteins under conditions where reversible binding is given (40) . Therefore, irrespective of whether the dissociation constant values obtained in this study with intact cells represent the true physical constants of these ligand͞receptor systems at the cellular membrane or whether these values are in part influenced by secondary reactions, it is apparent that they represent the biologically relevant parameters. Accordingly, it is most likely that the vast majority of TNF-TNF-R1 complexes becomes internalized (t1 ͞2 ϭ 10-20 min; refs. 8 and 41 and unpublished data) rather than dissociates (t1 ͞2 ϭ 33 min), allowing the efficient formation of signaling complexes that may even persist for prolonged times in an active state intracellularly. On the other hand, TNF-R2 complexes are formed more transiently, possibly limited in signaling because of ligand dissociation and receptor shedding.
Consequently, this reasoning suggests the different stability of ligand-receptor complexes as an important parameter determining TNF-R signaling capacity. This argument is supported by different findings. First, we have recently observed that stabilization of TNF-TNF-R2 complexes by means of a mAb led to a strong enhancement of the signaling potency of soluble TNF via TNF-R2. In parallel, we could show that TNF-R2 can be strongly stimulated by transmembrane TNF rather than by soluble TNF. Both agents (i.e., transmembrane TNF and soluble TNF plus stabilizing antibody) were capable of inducing TNF responses in a quantity and quality that could not be induced by saturating concentrations of soluble TNF (22) .
Second, we have herein investigated the kinetic association and dissociation parameters of LT binding to TNF-R1 and the respective mouse homologue (muTNF-R1). For a long time, the physiological role of the soluble homotrimeric LT molecule has been a subject of intensive research and is still a matter of debate (32) . This is mainly based on the fact that LT, although more stable under physiological conditions than TNF (34), induces more or less the same cellular response pattern that TNF does but with a considerably lower bioactivity. Again, saturating LT concentrations are unable to induce a response maximum readily obtained with high concentrations of TNF (refs. 32 and 33 and Fig. 4A ). On mouse cells, however, human LT exerts a similar bioactivity than human TNF (Fig. 4B) . This bioactivity pattern of LT does not correspond to the ligandreceptor affinities determined at 0°C (data not shown) but correlates well with the stability of the respective LT-receptor complexes (Fig. 4 B and C) .
How could the observed mean survival time of ligandreceptor complexes determine signaling in a quantitative or even qualitative manner? This might depend on secondary reactions, possibly on the formation of higher receptor aggregates or conformational changes (42) . In fact, x-ray crystallographic analyses have suggested that TNF-Rs engage their ligand at a 3:1 stoichiometric ratio (43) . In addition, two potential quaternary structural arrangements for the unligated TNF-R1 have been proposed (44) . Each of these possibilities would anticipate the interaction of TNF-R1 with the TNF (1998) trimer to be a time consuming and temperature-dependent process. Thus, it is reasonable that conformational but also physiologically active processes may influence the ligand binding properties of TNF-R1 giving also a rationale for the different results of TNF binding studies performed at 0°C and 37°C. Finally, the stability of the ligand-receptor complex will have direct influence on the association of signaling molecules to the cytoplasmic tail of ligated receptors as shown for another member of the TNF family, the APO-1͞Fas antigen (45) . Because both TNF-Rs are devoid of any enzymatic activity, the initiation of cellular signals upon receptor ligation also depends on the association of cytoplasmic proteins. In fact, several proteins that can bind to TNF-R1 and TNF-R2 and are implicated in the signal transduction by these receptors have recently been identified (46) (47) (48) (49) . It is conceivable that the formation of such cytoplasmic signaling complexes is a timedependent process and that the kinetic availability of such receptor-associated factors might govern the respective cellular sensitivity for the individual ligands.
